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FOREWORD 

TO THE FIFTEENTH ANNIVERSARY EDITION OF THE SCR MANUAL 



Publication of this 5th Edition marks fifteen years since General 
Electric introduced the first commercial SCR. Though still a teenager, 
the SCR has grown to be the most prominent semiconductor device for 
static power conversion and control. 

The fast-growing success of the SCR is paralleled by the growth 
of the General Electric SCR Manual. First published as an application 
note in 1958, the General Electric SCR Manual has been periodically 
revised, maintaining the basic theme of a practical, rather than theo- 
retical, circuit and application guide for design engineers, students, 
teachers, and experimenters. This Edition is written by a group of 
engineers who, figuratively, live in the solid state power conversion 
arena. They are in constant touch with equipment designers and, as 
such, are exposed to the varied circuit problems and decisions peculiar 
to the application of power semiconductor devices. These authors have 
gained their insight and experience by contributing to literally thou- 
sands of successful design projects involving thyristors in addition to 
drawing on the experience and work of their predecessors. 

The previous Edition has been completely reviewed in detail. 
Much that is new has been added, reflecting the polish that SCR appli- 
cations have acquired in the past five years. These changes do not stand 
out as new chapters, rather, each chapter has had the additional or 
revised information blended in with that which remains current and 
valid. For those of you who have used previous editions the format 
remains intact to maintain any familiarity you may have developed. 

The dual trends of increasing performance in military and indus- 
trial SCR’s on the one hand and the shift to fabrication techniques 
which lend themselves to very high volume production of consumer and 
light industrial SCR’s on the other hand are evident in the revisions to 
this manual. Considerably more detail is included on the parameters of 
SCR’s along with application tips for the high performance SCR’s. 
Information showing the designer how to approach optimum utilization 
of high volume, plastic encapsulated SCR’s is also provided. Still, over- 
all, considerable effort has been spent in keeping the SCR Manual con- 
cise and general in nature. For those desiring in-depth treatment of 
highly specialized subjects, we refer them to the comprehensive appli- 
cation notes listed on page 657. 

I sincerely hope that you will find this new Manual useful and 
informative. 

H. D. Culley 
General Manager 

Semiconductor Products Department 
Syracuse, New York 
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INTRODUCTION 



We have not changed the SCR Manual for the sake of change. 
Rather we have folded into the fourth edition answers to questions 
which you, the equipment designers have been asking for the past few 
years. We have certainly included the device and circuit innovations of 
these past years. Finally, we have continued our past policy of present- 
ing information in as clear, concise and uncomplicated a fashion as 
possible. 



HOW TO LEARN ABOUT THE SCR 

If you, the reader, are already familiar with the SCR and wish 
guidance in the design of practical applications, this Manual is ideal 
for your needs. If you wish more detailed information on a specialized 
subject, consider the references listed at the end of each chapter, as 
well as the comprehensive list of General Electric application notes 
(p.658) which are available on request. 

If you wish to explore thyristors in a more analytical sense, either 
as a semiconductor or as a circuit element, we refer you to “Semicon- 
ductor Controlled Rectifiers . . . Principles and Applications of p-n-p-n 
Devices,” a book published by Prentice-Hall, Englewood Cliffs, New 
Jersey. 

If you have heard of the SCR but would like to start from scratch 
in learning how it can help you, we suggest that you obtain a copy of 
the General Electric “Electronics Experimenters’ Circuit Manual.” This 
manual describes some 40 ingenious circuits and projects useful in 
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teaching the fundamentals of electronics while constructing projects 
having lasting value in the automobile, home, workshop and campsite. 
This book was written by our application engineers on the assumption 
that the reader, although learned in his own field of competence, is 
new to the SCR and other semiconductors as well. 

If you are really impatient to see how a basic thyristor circuit can 
work with your equipment load, or if you have no facilities to assemble 
your own circuit from electronic components, you may wish to experi- 
ment with one of several standard assemblies available from your G-E 
distributor. A typical standard triac variable voltage control is shown 
below. They are described further in Chapter 7. 



A BRIEF DESCRIPTION OF THE SCR 

The SCR is senior and most influential member of the thyristor 
family of semiconductor components. Younger members of the thyris- 
tor family share the latching (regenerative) characteristics of the SCR. 
They include the triac, bidirectional diode switch, the silicon controlled 
switch (SCS), the silicon unilateral and bilateral switches (SUS, SBS), 
and light activated devices like the LASCR and LASCS. Most recent 
additions to the thyristor family are the complementary SCR, the 
programmable unijunction transistor (PUT) and the “assymmetrical 
trigger.” 

Let’s go back to the head of the family after whom this Manual 
was named. The SCR is a semiconductor . . . a rectifier ... a static 
latching switch . . . capable of operating in microseconds . . . and a 
sensitive amplifier. It isn’t an overgrown transistor, since it has far 
greater power capabilities, both voltage and current, under both con- 
tinuous and surge conditions, and can control far more watts per dollar. 
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As a silicon semiconductor — the SCR is compact, static, capable of 
being hermetically sealed, or passivated, silent in operation and free 
from the effects of vibration and shock. A properly designed and fabri- 
cated SCR has no inherent failure mechanism. When properly chosen 
and protected, it should have virtually limitless operating life even in 
harsh atmospheres. Thus countless billions of operations can be 
expected, even in explosive and corrosive environments. 

As a rectifier — the SCR will conduct current in only one direction. 
But this serves as an advantage when the load requires DC, for here 
the SCR serves both to control and rectify— as in a regulated battery 
charger. 

As a latching switch — the SCR is an ON-OFF switch, unlike the 
vacuum tube and transistor which are basically variable resistances 
(even though they too can be used as on-off switches). The SCR can 
be turned on by a momentary application of control current to the gate 
(a pulse as short as a fraction of a microsecond will do), while tubes or 
transistors (and the basic relay) require a continuous ON signal. In 
short the SCR latches into conduction, providing an inherent memory 
useful for many functions. The SCR can be tufned ON in about one 
microsecond, and OFF in 10 to 20 microseconds; further improvements 
in switching speed are being made all along. 

Just as a switch or relay contact is commonly rated in terms of 
the current it can safely carry and interrupt, as well as the voltage at 
which it is capable of operating, the SCR is rated in terms of peak 
voltage and forward current. General Electric offers a complete family 
of SCR’s with current carrying capacities from Vi amp to 1600 amps 
RMS, and up to 2600 volts at this writing. Higher voltage and current 
loads are readily handled by series and parallel connection of SCR’s. 

As an amplifier— the smallest General Electric SCR’s can be 
latched into conduction with control signals of only a few microwatts 
and a few microseconds duration. These SCR’s are capable of switching 
100’s of watts. The resulting control power gain of over 10 million 
makes the small SCR one of the most sensitive control devices avail- 
able, With a low cost unijunction transistor firing circuit driving the 
larger SCR’s, stable turn-on control power gains of many billions are 
completely practical. This extraordinary control gain makes possible 
inexpensive control circuits using very low level signals, such as pro- 
duced by thermistors, cadmium sulfide light sensitive resistors, and 
other transducers. 

Most of the foregoing list of assets of the SCR apply equally well 
to the other members of the thyristor family as you will see in this 
Manual, Meanwhile the shortcomings and limitations of thyristors 
become less significant as the years pass. Newly introduced high voltage 
and bidirectional types lift the transient and operating voltage barriers. 
High speed thyristors allow operation at ultrasonic frequencies and 
under severe dynamic conditions, and lower semiconductor costs per- 
mit use of higher current rated thyristors instead of critically designed 
and expensive overcurrent protection systems. 
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Best of all, SCR’s and thyristors for every type of application . . . 
industrial, military, aerospace, commercial, consumer . . . are more 
economical than ever. Best indication of this is the rapidly increasing 
tempo of applications of the new plastic-encapsulated thyristors in high 
volume consumer applications where every penny is critical. 

Here are just some of the conventional types of controls and ele- 
ments that thyristors are busy replacing and improving upon: 



Thyratrons 

Relays 

Magnetic Amplifiers 

Ignitrons 

M-G Sets 

Rheostats 

Power Transistors 

Motor Starters 

Transformers 

Limit Switches 

Constant Voltage Transformers 
Saturable Reactors 
Contactors 

Variable Autotransformers 

Fuses 

Timers 

Vacuum Tubes 
Thermostats 

Mechanical Speed Changers 
Centrifugal Switches 
Ignition Points 



Welcome to the exciting world of the thyristor family, its circuits 
and applications. Please bear in mind that the material in this Manual 
is intended only as a general guide to circuit approaches. It is not all- 
encompassing. However, our years of experience in offering applica- 
tion help have shown that, given some basic starting points like those 
in this Manual, you the circuit designer inevitably come up with the 
best, and often unique, approach for your particular problems. 

We, in particular, would like to direct your attention to Chapter 
20, “Selecting the Proper Thyristor and Checking the Completed Cir- 
cuit Design.” Here, we have tried to pull together a roadmap of the 
route to successful design with thyristors avoiding the pitfalls we, and 
others, have learned the hard way. 

You will find the “Application Index” on pages 671 a useful guide 
in starting the search for the ideal circuit for your application. The list 
of Application Notes starting on page 674 will also provide specialized 
help beyond the detail of this Manual. 
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^ CONSTRUCTION AND BASIC THEORY OF OPERATION 

1.1 WHAT IS A THYRISTOR? 

The name thyristor 1 defines any semiconductor switch whose 
bistable action depends on p-n-p-n regenerative feedback. Thyristors 
can be two, three, or four terminal devices, and both unidirectional 
and bi-directional devices are available. 

1.2 CLASSIFICATIONS OF THYRISTORS 

The silicon controlled rectifier (SCR) is by far the best known of 
all thyristor devices. Because it is a unidirectional device (current flows 
from anode to cathode only) and has three terminals (anode, cathode 
and control gate), the SCR is classified as a reverse blocking triode 
thyristor. Other members of the reverse blocking triode thyristor family 
include the silicon unilateral switch (SUS), the light activated silicon 
controlled rectifier (LASCR), the complementary SCR (CSCR), the gate 
turn-off switch (GTO), and the programmable unijunction transistor 
(PUT). The silicon controlled switch (SCS) is a reverse blocking tetrode 
thyristor (it has two control gates), while the Shockley diode is a 
reverse blocking diode thyristor. Bidirectional thyristors are classified 
as p-n-p-n devices that can conduct current in either direction; com- 
mercially available bidirectional triode thyristors include the triac (for 
triode AC switch), and the silicon bilateral switch (SBS). 

1.3 TWO TRANSISTOR ANALOGY OF p-n-p-n OPERATION 2 

A simple p-n-p-n structure, like the conventional SCR, can best 
be visualized as consisting of two transistors, a p-n-p and an n-p-n inter- 
connected to form a regenerative feedback pair as shown in Figure 1.1. 



anode 




CATHODE 

FIGURE 1.1 TWO TRANSISTOR ANALOGUE OF P-N-P-N STRUCTURES 
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From this figure, it is evident that the collector of the n-p-n transistor 
(along with possible n-gate drive) provides base drive for the p-n-p 
transistor. 



Ibi — f C2 + l-G(n) (3-1) 

Similarly, the collector of the p-n-p transistor along with any p-gate 
current (I G (p) ) supplies the base drive for the n-p-n transistor. 

Ib 2 — Ici + 1 g(p) (1-2) 

Thus, a regenerative situation exists when the positive feedback gain 
exceeds one. 



-t- *C SaI E + I CBO 
'J ccs 

I i I B =(l-«)I E -I C BO 

FIGURE 1.2 COMMON BASE CURRENT RELATIONSHIPS 

The p-n-p-n structure may be analyzed in terms of its common 
base current gains (a p and a n ) and the avalanche multiplication coeffi- 
cients of holes and electrons, M p and M a respectively. From 1.2, the 
base current for the n-p-n transistor is seen to be: 

Ifi2 — 1 r (1 — <*„ M n ) ~ lcBO(2) (1-3) 

where Icbo< 2 ) * s the collector-to-base leakage current of transistor Q 2 . 
However, the collector current of the p-n-p is: 

I C i = a p M p I A + Icbo(1) (1*4) 

But since 

Ib2 = Ici + 1g(p) 

1a + lG(p) = Ir + lG(n) 

Equations 1.3 to 1.6 can be solved for 

t __ I G(p) + I G(n) (1 — « p M p ) + IcBO(l) + lcBO( 2 ) /, ^ 

A 1 - M p - <*„ M„ U, ' ; 

Call “a p M p -f a n M n ” the loop gain G. 

With proper bias applied (positive anode to cathode voltage) and 
in the absence of any gate signal, M n and M p are approximately unity 
and the transistor alphas are both low. The denominator of Equation 
1.7 approaches one, and I A is little higher than the sum of the indi- 
vidual transistor leakage currents. Under these conditions the p-n-p-n 
structure is said to be in its forward blocking or high impedance “off” 
state. The switch to the low impedance “on” state is initiated simply 
by raising the loop gain to unity. Inspection of Equation 1.7 shows that 
as this term — » 1, I A — > oo. Physically, as the loop gain approaches 
unity and the- circuit starts to regenerate, each transistor drives its mate 



(1-5) 

(1.6) 
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into saturation. Once in saturation, all junctions assume a forward bias, 
and total potential drop across the device approximates that of a single 
p-n junction. Anode current is limited only by the external circuit. 




FIGURE 1.3 EMITTER CURRENT DEPENDENCE OF a IN A SILICON TRANSISTOR 

The loop gain G can approach one (1) either by an increase in 
M p or M n with increasing voltage or with an increase in the alphas 
with either voltage or current. In most silicon transistors, a is quite 
low at low emitter currents, but increases fairly rapidly as emitter cur- 
rent is increased. This effect (Figure 1.3) is due to the presence in the 
silicon of special impurity centers. Any mechanism which causes a 
temporary increase in transistor emitter current is therefore potentially 
capable of turning on a p-n-p-n device. The most important of these 
mechanisms are: 

1. Voltage. As the collector-to-emitter voltage of a transistor is 
increased, eventually a point is reached where the energy of the (leak- 
age) current carriers arriving at the collector junction is sufficient to 
dislodge additional carriers. These carriers in turn dislodge more car- 
riers, and the whole junction goes into a form of avalanche breakdown 
characterized by a sharp increase in collector current. In a p-n-p-n 
device, when the avalanche current makes G — » 1, switching takes 
place. This is the tum-on mechanism normally employed to switch four 
layer diodes into conduction. 

2. Rate of change of voltage. Any p-n junction has capacitance — 
the larger the junction area, the larger the capacitance. Figure 1.2 
shows the collector-to-base capacitance dotted in. If a step function of 
voltage is impressed suddenly across the collector-to-emitter terminals 
of the transistor, a charging current i will flow from the emitter-to- 
collector to charge the device capacitance 

i = C dv/dt (1.8) 

In Figure 1.1, the charging current flowing in the p-n-p represents 
base current for the n-p-n so that G can rapidly approach 1, switching 
on the device. 

3. Temperature. At high temperatures, leakage current in a re- 
verse biased silicon p-n junction doubles approximately with every 8°G 
increase in junction temperature. When the temperature generated 
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leakage current in a p-n-p-n structure has risen sufficiently for G — * 1, 
swi telling occurs. 

4. Transistor Action. Collector current is increased in conven- 
tional transistor manner by temporarily injecting additional (“gate”) 
current carriers into a transistor base region. This is the machanism 
normally employed to turn-on SCR’s and other p-n-p-n devices which 
have an external connection (“gate” lead) to one or more of the tran- 
sistor bases. 

By convention, SCR’s that are turned on by injecting current into 
the lower p-base (via an external connection to this base) are called 
“conventional” SCR’s, while those that withdraw current from the upper 
n-base are called “complementary” SCR’s. The four-terminal silicon 
controlled switch (SCS) has connections made to both bases and either 
or both bases may be used to initiate switching. More external gate 
current is required to trigger a p-n-p-n device via the n-gate rather 
than the p-gate for two reasons: 

a) The upper n-base region is of high resistivity silicon (the upper 
p-n junction supports the major part of any applied reverse 
voltage) so that a,, is very small. 

b) From Figure 1.1, n-base drive necessarily removes current from 
the loop and therefore reduces G. 

5. Radiant energy ('light”). Incident radiant energy within the 
spectral bandwidth of silicon impinging on and penetrating into the 
silicon lattice releases considerable numbers of hole electron pairs. When 
the resultant device leakage current climbs above the critical level for 
G — » 1, triggering will ensue. This triggering mechanism makes pos- 
sible the light activated SCR. In these devices a translucent “window” 
is provided in the device encapsulation in order that “light” may reach 
the silicon pellet. The LASCR, because it is provided with a gate 
lead, may be triggered either by light or by electrical gate current. 
Chapter 14 is devoted to light activated thyristors. 



1.4 REVERSE BLOCKING THYRISTOR (SCR) TURN-OFF MECHANISM 

When a reverse blocking thyristor is in the conducting state, each 
of the three junctions of Figure 1.4 are in a condition of forward bias 
and the two base regions (R P , B x ) are heavily saturated with holes and 
electrons (stored charge). 
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FIGURE 1.4 THYRISTOR BIASED IN CONDUCTING STATE (GATE OPEN CIRCUITED) 
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To turn-off the thyristor in a minimum time, it is necessary to 
apply a reverse voltage. When this reverse voltage is applied the holes 
and electrons in the vicinity of the two end junctions (J T , J 3 ) will diffuse 
to these junctions and result in a reverse current in the external circuit. 
The voltage across the thyristor will remain at about +0.7 volts as long 
as an appreciable reverse current flows. After the holes and electrons in 
the vicinity of Jy and J 3 have been removed, the reverse current will 
cease and the junctions J x and J 3 will assume a blocking state. The 
reverse voltage across the thyristor will then increase to a value deter- 
mined by the external circuit. Recovery of the device is not complete, 
however, since a high concentration of holes and electrons still exists 
in the vicinity of the center junction (| 2 )- This concentration decreases 
by the process of recombination in a manner which is largely inde- 
pendent of the external bias conditions. After the hole and electron 
concentration at J 2 has decreased to a low value, J 2 will regain its block- 
ing state and a forward voltage (Jess than V (BO) ) may be applied to the 
thyristor without causing it to turn-on. The time that elapses after the 
cessation of forward current flow and before forward voltage may safely 
be reapplied is called the thyristor "turn-off time,” t a and can range 
from several microseconds to as high as several hundred microseconds 
depending upon the design and construction of the particular thyristor. 



1.5 IMPROVEMENTS FOR DYNAMIC SCR OPERATION 

Ever since its introduction, circuit design engineers have been 
subjecting the SCR to increasing levels of operating stress and demand- 
ing that these devices perform satisfactorily there. Different stress 
demands that the SCR must be able to meet are: 

1) Higher blocking voltages 

2) More current carrying capability 

3) Higher di/dt s 

4) Higher dv/dt’s 

5) Shorter turn-off times 

6) Lower gate drive 

7) Higher operating frequencies 

There are many different SCR’s available today, which can meet one 
or more of these requirements. But as always, an improvement in one 
characteristic is usually only gained at the expense of another. It is 
constructive to consider five device attributes which in combination 
determine the thyristors current rating and switching capability. 

1. Voltage. There are four methods to increase the voltage rating 
— surface contouring, increasing the B n base width and/or its resistivity, 
and/or its lifetime. 

a) Surface contouring or beveling allows higher voltage operation 
by reducing the electric fields at the surface of the silicon pel- 
let. It is the most advantageous since it achieves this with no 
other sacrifice in SCR operation except for a slight current 
derating due to decreased emitter area. Beveling techniques 
generally are used only on premium-type industrial devices, 
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where the added costs due to a bigger silicon pellet plus the 
requirement that the pellet be round for maximum beveling 
effectiveness can be justified. Consumer type devices whose 
pellets generally are “scribed” into square or rectangular shapes 
for lowest cost are generally not beveled. Beveling effectiveness 
here is destroyed by field concentration effects at the pellet 
comers. 

b) The most obvious way to increase the voltage rating is to 
increase the base width B n (see Section 1.4) or its resistivity. 
However, these actions will also increase the “on-state” voltage 
drop so that the allowable current decreases. High frequency 
performance is degraded because the di/dt rating goes down 
and turn-off time increases due to increased stored charge in 
this base. 

c) A more subtle way is to increase the minority carrier lifetime 
in B n . This decreases the thermally generated leakage current 
in the depletion region (I C bo)- Additional benefits are lower 
“on-state” voltage and better di/dt rating. Of course, turn-off 
time will also increase and dv/dt withstand capability decreases 
(see also Section 5 below, Turn-Off Time). 

2. Current. The allowable current through a device depends pri- 
marily upon the “on-state” voltage. Any variable that decreases this 
voltage drop (and hence, internal power dissipation), will raise the cur- 
rent limit. Favorable effects are larger pellets, smaller B n base width, 
higher lifetimes, and lower silicon resistivity. 

3. di/dt. The problem of di/dt failures is well recognized today. 3 
Essentially the SCR is trying to conduct too much current through too 
small a pellet area during the initial turn-on and the resultant, localized 
junction temperature rise burns it out. The obvious answer is to have 
the SCR turn on more area initially and this is precisely the objective 
of the newer gate structures discussed below. 

a) Conventional Side Gate or Point Gate ( Figure 1.5(a)). This is 
inherently the simplest gate structure and provides adequate 
performance for low di/dt applications. The area initially 
turned on is quite small and depends upon the amplitude of 
the gating signal. All of the early SCR's had a point contact 
gate and it is still the most common gate amongst the consumer 
and light industrial SCR’s. 

b) Conventional Center Gate (Figure 1.5(b)). Same as the con- 
ventional side gate except the di/dt ratings are generally higher 
due to the fact that a small circle rather than a point is turned 
on. Di/dt capability is still quite a strong function of gate drive. 

c) Field Initiated (F.I.) Gate (Figure 1.5(c)). This gate structure 
is designed to turn on a definite length of SCR emitter periph- 
ery even with soft gate drive. The F.I. gate is a double switch- 
ing type gate. That is, from an equivalent circuit view, it 
behaves as a main SCR triggered by a small pilot SCR. A 
portion of the anode current of the pilot SCR becomes the 
gate drive to the main'. By this technique, only a small amount 
of gate drive is required to initiate conduction in the pilot por- 
tion of the SCR. With this type of structure, delay time is a 
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FIGURE 1.5(a) CONVENTIONAL SIDE GATE SCR FIGURE 1.5(b) CONVENTIONAL GATE SCR 




FIGURE 1.5(c) F-1 GATE SCR FIGURE 1.5(d) N+ GATE SCR 




FIGURE 1.5(e) JUNCTION DIAGRAM, PLAN VIEW AND EQUIVALENT CIRCUIT FOR 
AMPLIFYING GATE SCR 
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FIGURE 1.5(f) THE INTERDIGITATED AMPLIFYING GATE STRUCTURE IS SHOWN ON THE 
LEFT COMPARED TO THE CIRCULAR AMPLIFYING GATE 



strong function of gate drive. Even though high di/dt is 
achieved with soft drive, the circuit designer may be forced to 
provide a stiff gate drive to achieve relatively short delay time. 

d) N+ Gate (Figure 1.5(d)). This gate structure is designed to 
turn-on a definite length of line, but not with soft gate drive; 
here a stiff drive is required. However, with this structure a 
consistently short delay time is achieved. This enhanced param- 
eter along with others makes SCR’s fabricated with the N+ 
gate ideal for applications requiring series and/or parallel 
operation of SCR’s. 

e) Amplifying Gate (Figure 1.5(e)). The principals involved in 
the amplifying gate are quite similar to those employed in the 
F.I. structure. That is, double switching is employed but opti- 
mized to the point where the main SCR portion switches imme- 
diately after conduction is initiated in the pilot portion of the 
device. The anode current of the pilot portion of the device 
causes rapid turn-on of a significant portion of the main current- 
carrying portion of the device. The three most important criteria 
to building an optimized amplifying gate SCR are: 

1. Complete turn-on of the emitter periphery of the main 
current-carrying area to insure low switching loss density. 

2. Instantaneous turn-on of the main current-carrying area 
after turn-on of the pilot area. 

3. Complete turn-on of the pilot portion of the device. 

The design of the amplifying gate structure optimizes these 
three criteria. To initiate turn-on, only a relatively small amount 
of conventional gate current is required due to the pilot SCR 
action — thus the term “amplifying.” Schematically, the ampli- 
fying gate SCR looks like a main power handling SCR triggered 
by a small “pilot” SCR. The area of immediate turn-on is size- 
able as shown on the plan-view of the pellet structure as shown 
in Figure 1.5(e). 




